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Introduction
Teleost fish is the largest and most variable vertebrate taxon [1] , with 28,644 species recorded [National Center for Biotechnology Information (NCBI) in January 2015].
European sea bass (D. labrax, Moronidae, Perciformes, Teleostei) has a strong economic impact as a major aquaculture species. It is one of the most common marine fish in the Mediterranean Sea, in the Eastern Atlantic Sea (from Norway to north of Africa) and in the Black Sea (Ocean Biogeographic Information System, http://www.iobis.org/mapper), whose complete genome has been recently sequenced [2] .
Classically, skin mucus of fish is described as a mucin layer of high molecular mass glycoproteins [3] , flexible fibres densely coated with short and negatively charged glycans due to carboxyl and sulphate groups [4] , which contributes to the observed viscosity.
However, functionally, the presence of immune-related proteins in mucus is of great interest since mucus acts as a first defence barrier against different stressors such as bacterial or viral infections. Skin mucus innate and adaptive immune system proteins including immunoglobulins [5] , antimicrobial peptides e.g. histones [6] , transferrin [7] , calmodulin [8] and lysozyme [9] , lectins such as galectin [10, 11] , acute phase proteins and complement components have been studied in different fish species [12] .
Recent advances in proteomic research methods have been used for identification and quantification of proteins [13] . Among them, the use of LC-MS/MS after separation by 2DE [14] has been the most common method for protein identification on fish. After protein identification, use of qPCR is an excellent complementary approach to find if local synthesis of the protein is possible, and hence contribute to the study of the biological role of these molecules and their interactions during fish disease [15] . With this background, we aim to identify the proteome map of major skin mucus proteins of European sea bass, trying to find Proteomics This article is protected by copyright. All rights reserved.
immune-markers with a non-invasive technique for disease diagnosis in aquaculture. After exhaustive BLAST analysis, transcript levels of immune-related identified proteins were analysed in skin by qPCR. To our knowledge, this is the first time that the proteome map of this important fish species is studied, providing a better knowledge of mucus composition and mucosal immunology through MS-based protein detection.
2 Materials and methods
Animal care
Specimens of European sea bass (D. labrax) (340±35 g body weight) obtained from Culmarex SA (Murcia, Spain), were kept in running (1500 l h -1 ) seawater aquaria at 28‰ salinity, 22 ºC and a photoperiod of 12 h light: 12 h dark. The Bioethical Committee of the University of Murcia approved the fish handling procedures.
Mucus and tissues samples
Ten healthy fish were anesthetized with 100 mg l -1 tricaine methanesulfonate, MS-222.
Mucus was collected from the skin surface by scraping, avoiding contamination with blood, urine and/or faeces. Mucus samples were transferred into 15 ml tubes. Skin tissue samples were collected in TRIzol ® reagent (Life Technologies) and stored at -80 ºC until subsequent use.
Mucus protein purification
Pooled mucus samples were solubilised with 1 mM DTT and 1.5mM EDTA which serves to act as a mild mucolytic agent [16] . Samples were sonicated for 6 seconds twice (1 min cooling between) and centrifuged at 20,000 g for 30 min at 4 ºC. The soluble mucus protein containing supernatants were desalted 3 times (14,000 g, 4 ºC) with 0.2 ml of ice cold proteomic grade water (G Biosciences, MO, USA) using 3 kDa spin filters (VWR, USA).
Samples were further purified by 2D clean up kit (Bio-Rad, CA, USA) following the manufacturer's instructions. Proteomics
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2DE
The resulting pellets were suspended in 2D lysis buffer (BioRad) containing 7 M urea, 2 M 
LC-MS/MS analysis
The most predominant 100 spots identified after 2D gel analysis were picked, excised and subjected to in-gel reduction, alkylation, and tryptic digestion using 2-10 ng/μl trypsin (V511A; Promega) as described elsewhere [18] . 
Primer design
For genes identified by proteome analysis, homologue sequences for each gene from D.
labrax were retrieved from the NCBInr or EST databases, satisfying the requirement of specificity, and primers designed (Table 1) by OligoPerfect TM Designer (Life Technologies). genomes, homology-driven proteomics is the major tool to characterize proteomes [21] . From our own experience working on fish skin mucus [22, 23] and with proteomic tools [24, 25] , 2DE followed by LC-MS/MS provides good resolution and high performance for protein detection and identification.
Gene expression analysis
We have identified a wide range of proteins in skin mucus of D. labrax ( Figure 1 , Tables 2   and 3 ). These could be remains of dead cells from the skin surface or proteins actively secreted to function in the mucus. Due to the importance of mucus as a barrier of defence, we have focused our attention according to the capacity of these proteins to be candidates as fish health indicators. Furthermore, the transcript levels present in skin of D. labrax have been demonstrated (Figure 2 ).
Skin mucus proteome as first barrier of defence in D. labrax Proteomics
The proteome of European sea bass skin mucus includes proteins with well-established functions such as several complement components, lectins, proteins involved in apoptosis, inflammation, redox homeostasis, stress as well as antimicrobial activity. The proteins have mainly been studied in cells, tissues and blood, in our results and discussion we focus on these proteins in an extracellular setting.
Proteins identified with pathogen interacting capacity.
We identified several proteins that could interact directly with pathogens and lead to lysis, agglutination, growth inhibition and/or modulation of host cell surfaces binding.
The complement system plays a major role in vertebrate defence against pathogens in the blood as part of both the innate, and adaptive immune systems [26, 27] . Lectins, carbohydrate binding proteins, have been reported from various tissues of a diversity of fish species and they have also been isolated from skin, mucus, serum, and plasma.
Mannose-binding lectins activate the lectin pathway in the complement system ( Figure 3 ), have been identified in Atlantic cod mucus [24] , but were not found in our study. Fucosebinding lectin (FBL) recognizes carbohydrates on the surface of potential pathogens, leads to agglutination, immobilization, and opsonization of microbial pathogens, and phagocyte activation [29] (Figure 3 ). This molecule was identified (spots 13, 14 and 43) in skin mucus of D. labrax, and a 34 kDa F-type lectin was previously reported in serum of the same fish species [30] . F-type lectin was not previously reported in fish mucus, however a C-type lectin was reported in skin mucus of a cichlid [31] , and galectin in Atlantic cod [24] .
Lysozyme (LYZ) has been widely studied in the animal kingdom and identified as a Table 2 ). Transferrin was previously identified in skin mucus of gilthead seabream [41] and Atlantic cod juveniles [7] . In Atlantic salmon skin mucus, an increased level of a transferrin fragment was found after sea lice infection [35] . This protein was reported in skin mucus of gilthead seabream as well [41] . Proteomics This article is protected by copyright. All rights reserved.
Calreticulin (CALR), a calcium-binding protein identified in the cell surface of neutrophils as a receptor for C1q [48] , also promotes phagocytosis by microbial binding [49] . It has been previously characterized in D. labrax [50] , and in the present paper, it was identified as a protein of around 60 kDa (spot 72). CALR was also identified in skin mucus of Atlantic cod, with a similar MW [24] . In both cases, the observed MW did not match with the theoretical values of 49.4 (Table 2) , suggesting post-translational modifications such as glycosylation, as is known to be the explanation for the observed high molecular weight of human CALR in SDS-PAGE.
Proteins identified with a possible role interacting with or functioning in cells in mucosal surfaces.
Proteins described in 3.1.1, which binds pathogens can in many cases also stimulate phagocytosis ( Figure 3 ). In the mucosal surface of the skin, the mucus will act as a protective barrier to prevent pathogen interaction with the live cells in the surface, should it fail due to e.g. wounds the second line of defence will serve a role, this include the phagocytic cells can be fragmented after stress [35] . In agreement with that, in our study we have identified a beta actin of 42 kDa (spot 79), the theoretical MW, another beta-actin of 35 kDa (spot 85), and two isoforms of around 28 kDa (spots 39 and 66). Increased levels of beta-actin and vimentin fragments in skin mucus could be indicators of disease or stress.
In our study, we identified apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC, spot 64) at 28 kDa, matching with the theoretical MW. ASC is an adaptor protein that has a bipartite domain structure, an N-terminal PYRIN domain and a Cterminal caspase activation and recruitment domain [53] . ASC and caspases are important in the cell death pathway, apoptosis. Two caspases (CASP) were identified in skin mucus of D.
labrax. CASP1 (spot 48), responsible for the production of IL1B proinflammatory cytokine during immune response to microbial pathogens [54] , and CASP6 (spot 15), an activator of CASP8 which promotes apoptosis [54, 55] . They were identified for the first time in skin mucus. Gene ontology analysis (Supplementary file 1) showed the strongest protein-protein interaction, of the interactions identified, between ASC and CASP1 mammalian orthologues.
ASC has a pivotal role in the CASP1-dependent processing of proinflammatory cytokines [56] . Interestingly, ASC and CASP1 have recently, in mouse gut, been identified as key regulators of mucus secretion by exocytosis [57] , they are also part of an extracellular oligomeric complex (the NLRP3 inflammasome) which is secreted upon danger signals and is suggested to act to amplify inflammatory response [58] .
In our study cyclophilin A was identified as a protein of around 18 kDa (spot 25), it was also found in skin mucus of Atlantic cod [24] . Cyclophilins are a group of highly conserved cytosolic enzymes that have a peptidylprolyl cis/trans isomerase activity and belong to the immunophilin family. Among them, cyclophilin A can be secreted in the extracellular space by inflammatory cells when exposed to stressors and upon cell death [59] . Extracellular cyclophilin A stimulates pro-inflammatory signals in endothelial cells [60] .
To our Proteomics
This article is protected by copyright. All rights reserved. . Furthermore, it has been reported that extracellular NKEF1 act as a "endogenous" danger signal by binding danger signal sensors/receptors [63] , suggesting that NKEF may be a stress indicator in skin mucus.
The human thioredoxin superfamily members are thiol oxidoreductases with a role in various cell signalling pathways. ERp57 and protein disulphide isomerase (PDI) are two members of this superfamily, which have a common structure but different multifunctional roles. ERp57 acts on glycosylated substrates in the endoplasmic reticulum through interaction with the lectin-like CALR (spot 72 described in section 3.1.1) [64] , and has a critical role in major histocompatibility complex class I assembly [65] . PDI is mainly associated with the protection against reactive oxygen species (ROS) [66] , however it also has an extracellular role in regulating flip-flop (transbilayer movement) of phosphatidylserine in the cell membrane [67] . ERp57 was identified as two isoforms (spot 74 and 97) and PDI was identified as a protein of around 57 kDa (spot 104) in skin mucus. Both proteins were previously characterized in D. labrax [68] . Proteomics This article is protected by copyright. All rights reserved. . Moreover, in another study it was observed that antigen-dependent activation of T lymphocytes significantly increased extracellular SOD-1 levels [71] . In mice, deletion of the extracellular SOD, lead to lung injury at ambient air due to increased levels of superoxide [72] , indicating that extracellular SOD could be important for cellular integrity also in the mucosal surface of the fish skin.
Glutathione S-transferases (GST) are the superfamily of phase II detoxification enzymes that play crucial roles in cellular defence. In our study, two GSTs were identified (spots 46 and 49), at 31 kDa and 26 kDa, respectively. It was previously reported in Atlantic cod skin mucus [24] , and differentially expressed after infection [36] . In rat it has been suggested to play a role in detoxification of electrophilic compounds the small intestine mucus [73] ( Figure 3 ).
Serpins are a homologous family of proteins with diverse functions in processes such as blood coagulation, fibrinolysis, programmed cell death, development and inflammation [74] .
Leukocyte elastase inhibitor (LEI) belongs to this family and function to limit and fine tune protease activity to limit host damage (Figure 3 ) during inflammation and apoptosis [75] and during pathogen destruction by host through proteolytic activity. In our study, LEI (spot 29)
has been identified in skin mucus of D. labrax as a protein of 34 kDa. In another report, it was identified in numerous spots in Atlantic cod skin mucus [24] , one of them with similar pI and MW than in the present paper. Proteomics
Heat-shock proteins (HSP) are part of a superfamily of stress proteins, highly conserved across species, often classified based on their molecular weight. HSP70 is constitutively expressed but can be induced to higher levels by stressors such heat, pathogens, heavy metals. It can be cytosolic [76] , or extracellular [77] . HSP70 can function both as an inhibitor or stimulator of inflammation, it has been suggested that the mode of activation, location and/or co-molecules present will influence the function [77] (Figure 3 ). In our study, HSP70
(spot 91) was identified at the expected 70 kDa. hsp70 is induced after heavy metal exposition and hypothermia in skin of common carp [78] . Moreover, a HSC70 was reported 
Calmodulin (CALM) is a calcium-binding messenger protein involved in apoptosis,
inflammation and immune response [80] . In our study, this protein was identified in two isoforms (spots 1 and 2) with different sizes; suggesting post-translational modifications in skin mucus (see Figure 1) . CALM was previously found in fish mucus of tilapia, catfish and rainbow trout, increased secretion of CALM was found when there were decreased calcium concentrations in the water (Figure 3) , and a role in control of cell membrane permeability in the epithelium has been suggested [8] . Proteomics This article is protected by copyright. All rights reserved.
Keratins are intermediate filaments that form heteropolymeric filaments containing type I
and type II keratins, they have a physical protective role in skin, and are also involved in cell proliferation and apoptosis [81] , both filament types were found in skin mucus of D. labrax.
BLASTp analysis against human keratins was carried out to discard any human contamination (data not shown), the peptides identified were non-human. Keratins have been reported in skin mucus from gilthead seabream [41] and Atlantic cod [24] . Further studies are needed in fish to see if keratin could have a role in fish mucus.
Other proteins identified are involved in other cellular processes (see Table 2 ) and have at present an unlikely role in skin mucus, and were therefore discarded as candidates for fish disease diagnosis. Their presence could be due to natural sloughing of cells in mucus, rather than active secretion and their extracellular function, if any, remains unknown.
Gene expression profile in D. labrax skin
The selected immune-related gene expression profiles showed a transcript for every target in D. labrax skin (Figure 2 ), for each gene, including reference genes, a single peak in each melt curve was observed (not shown). [62, 82] . In other teleosts, tf was found in skin of Atlantic salmon [35] and gilthead seabream [83] and cypa was found in Atlantic cod [24] while lyz and c1q were present in channel catfish [84] . The presence of transcripts in skin indicates that the protein products of these transcripts could be synthesised in the skin itself.
Hence, this could be considered a starting point to study immune-related processes in skin, especially against microbial infections. Proteomics
Concluding remarks
This study establishes the first proteome map of European sea bass (D. labrax) skin mucus.
We identified proteins with known or suspected stress response or immune function, of which several were not previously described in fish skin mucus. We found proteins that could interact directly with pathogens, as well as proteins with a potential role in interacting with or functioning in the cellular surface of the skin. The results support the idea that intricate local signalling networks are present in the mucosal surface of fish skin. Further studies are needed to establish if any of these proteins could be used as immune-or stress markers. Proteomics
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